Toxoplasma gondii is a parasite that generates latent cysts in the brain; reactivation of these cysts may lead to fatal toxoplasmic encephalitis, for which treatment remains unsuccessful. We assessed spiramycin pharmacokinetics coadministered with metronidazole, the eradication of brain cysts and the in vitro reactivation. Male BALB/c mice were fed 1,000 tachyzoites orally to develop chronic toxoplasmosis. Four weeks later, infected mice underwent different treatments: (i) infected untreated mice (n ‫؍‬ 9), which received vehicle only; (ii) a spiramycin-only group (n ‫؍‬ 9), 400 mg/kg daily for 7 days; (iii) a metronidazole-only group (n ‫؍‬ 9), 500 mg/kg daily for 7 days; and (iv) a combination group (n ‫؍‬ 9), which received both spiramycin (400 mg/kg) and metronidazole (500 mg/kg) daily for 7 days. An uninfected control group (n ‫؍‬ 10) was administered vehicle only. After treatment, the brain cysts were counted, brain homogenates were cultured in confluent Vero cells, and cysts and tachyzoites were counted after 1 week. Separately, pharmacokinetic profiles (plasma and brain) were assessed after a single dose of spiramycin (400 
T
oxoplasmosis is an important opportunistic infection in immunocompromised patients (12, 23) . Infection in humans can occur via direct inoculation of tachyzoites, by the oral-fecal transmission of oocysts from domestic cats, through tissue cysts in undercooked meat, or by transfer from mother to fetus (24) . The life cycle of Toxoplasma gondii is complex. The sexual cycle takes place in animals, with cats being the final host and humans the intermediate host during its asexual life cycle, which can result in dormant infections. T. gondii is able to cross the intestinal membrane, disseminate in body tissues, cross the blood-brain barrier (BBB), and migrate to the central nervous system (23) . It is an obligate intracellular replication parasite (12) , releasing more tachyzoites, which may form cysts containing bradyzoites that evade the immune system and remain in tissues (33) .
Chronic toxoplasmosis is associated with tissue-localized cysts, primarily in the brain (3) . It is asymptomatic in healthy humans, although some may develop symptoms (22) . However, in immunocompromised hosts, the cysts may rupture and the bradyzoites revert to tachyzoites, causing acute-on-chronic toxoplasmosis (33) , including toxoplasmic encephalitis, which may be fatal (22) , especially in HIV patients (20) . In vitro studies that mimic an immunocompromised state have shown that the conversion occurs within 1 week regardless of the age of the brain cysts (5) . In immunocompetent hosts, the presence of cysts caused by T. gondii (referred to here as "T. gondii cysts") in the brain seems to be associated with various neurological disorders (27) , including cryptogenic epilepsy (37) , migraine (25) , schizophrenia (38) , Malloret meningitis (26) , and affective (36) and behavioral (11) disorders.
Treatment of chronic toxoplasmosis is hampered by the poor drug brain penetration to achieve therapeutic concentrations. The combined administration of sulfadiazine and pyrimethamine has shown efficacy against acute toxoplasmosis (18) but failed against chronic cerebral toxoplasmosis (10). In addition, the prolonged use of these drugs may cause hematologic and renal toxicity (7) . Other combination treatments include atovaquone and clindamycin, which are effective during the acute infection (1, 8) and reduced the severity of toxoplasmic encephalitis relapses (9) . However, low bioavailability, lack of brain penetration, and incipient resistance (17) hamper the full therapeutic potential of this combination. Another treatment option is spiramycin, a macro-lide antibiotic, which is effective against acute toxoplasmosis, less toxic than other drugs, and able to achieve high concentrations in the placenta (30) . Spiramycin has an oral bioavailability of ca. 35%, demonstrates low plasma protein binding (20%; which may explain the extensive tissue penetration), and is associated with hepatic to active metabolites (32) . The elimination half-life (t 1/2 ) is around 6 to 8 h; spiramycin is excreted in bile and breast milk (13) , and ca. 14% is recovered unchanged in urine and 80% through feces (35) . However, in spite of significant tissue penetration, spiramycin demonstrates poor penetration across the BBB and does not reach effective concentrations in the brain due to the presence of the efflux transporters multidrug-resistant protein 2 (Mrp2) and P-glycoprotein, for which spiramycin is a substrate (14, 35) .
Thus, we hypothesized that enhanced spiramycin brain uptake may be attained with the coadministration of a second drug to inactivate the efflux pumps present in the BBB reaching effective concentrations to eliminate T. gondii brain cysts. To validate this hypothesis, the pharmacokinetics and brain uptake of spiramycin were evaluated upon metronidazole coadministration. Subsequently, the ability to eradicate brain cysts was assessed in a validated model of chronic toxoplasmosis in mouse (5) . The selection of metronidazole was based on its ability to inhibit the efflux pumps and to enhance the brain distribution of other drugs that lack brain penetration (34) . In addition, metronidazole has no activity against T. gondii (21); therefore, it was not expected to affect the assessment of spiramycin's effectiveness against brain cysts.
MATERIALS AND METHODS

Ethics.
Prior to the initiation of the pharmacokinetic and efficacy studies, the Institutional Research and Ethics Committee of the International Medical University (Kuala Lumpur, Malaysia) reviewed and approved all experimental protocols.
Pharmacokinetic study. BALB/c mice (male, 8 to 10 weeks of age) were purchased from the University Putra Malaysia (Kuala Lumpur, Malaysia) and kept under a 12-h light cycle in the animal holding facility and allowed food and water ad libitum. Spiramycin and metronidazole were purchased from Sigma-Aldrich (USA) and stored at 4°C protected from light. Dosing solutions were prepared with ultra pure water and administered using a 22G feeding needle (Braintree Scientific, Inc., USA) after overnight fast. The plasma and brain pharmacokinetic profiles were determined after administration of 400 mg/kg, a single oral dose of spiramycin (control group), or after coadministration with 500 mg of metronidazole/kg 30 min before the dose of spiramycin (study group). Metronidazole was administered 30 min prior to the dose of spiramycin to allow tissue uptake and distribution of metronidazole in order to maximize its effect at the BBB. An additional group was given 500 mg of metronidazole/kg alone. At predetermined time points after spiramycin administration (0.5, 1, 2, 2.5, 4, 6, 8, 10, and 12 h), mice (n ϭ 4 per time point in each study arm) were euthanized by cervical dislocation, and blood samples were collected via cardiac puncture with heparinized (Sigma-Aldrich, Germany) syringes (Terumo Corp., The Philippines) and transferred to 1.5-ml Eppendorf tubes. The brains were then harvested, rinsed with saline, and stored at Ϫ35°C. Plasma was separated by centrifugation at 1,500 rpm for 10 min at 4°C and kept at Ϫ35°C until analysis.
The plasma and brain concentrations of spiramycin and metronidazole were measured simultaneously by high-pressure liquid chromatography (HPLC) (6) . Briefly, 100 l of plasma was added to 200 l of HPLCgrade acetonitrile (Merck, Germany), vortex mixed, and centrifuged (15,000 rpm, 15 min, 4°C), and the supernatant was transferred to microvials. The brain tissue was homogenized at 35,000 rpm in a mixture of acetonitrile (70%) and ultrapure water (30%) at a 1:2 brain/solvent ratio in an ice bath. An aliquot of homogenate was centrifuged (15,000 rpm, 15 min, 4°C), and the supernatant was transferred to HPLC vials. Extracted plasma and brain samples were injected (20 l) into a C 18 Phenomenex reversed-phase column (150 by 3.5 mm, 5-m particle size) attached to an Agilent 1200 series system equipped with a UV detector set at 232 nm and a column oven at 29°C. Drugs were eluted with a mixture of 0.01 M phosphate buffer (pH 2.5) and an acetonitrile gradient (20 to 30%) for 3 min at 1 ml/min flow rate. Metronidazole and spiramycin eluted within 5 min and were quantified with the aid of an external calibration curve developed simultaneously. The range of linearity was 0.25 to 50 g/ml (r 2 Ͼ 0.999), the inter-and intraday variability, accuracy, and precision were within 15%, the lower limit of quantification was 0.25 g/ml for metronidazole and spiramycin, the analysis was free of matrix interferences, and the extraction recovery was Ͼ75% for each drug (6) .
Pharmacokinetic data analysis. Noncompartmental analysis was used to calculate the main pharmacokinetic parameters. The maximum concentration (C max ) in plasma and brain and the time to the maximum concentration (T max ) were determined directly from the concentrationtime graphs of each profile. The elimination rate constant (k el ) was obtained by log-linear regression of the data in the terminal slope, and the elimination half-life (t 1/2 ) was ln2/k el . The area under the curve (or exposure) from zero to the last concentration, i.e., C last (AUC 0 -last ) was calculated using the method of the trapezoids. The extrapolated AUC (AUC last-ϱ ) was calculated as C last /k el , and the total exposure (AUC 0 -ϱ ) was the addition of both. The mean residence time (MRT) was calculated as the AUMC 0 -ϱ (i.e., the area under the first moment of the curve) divided by the AUC 0 -ϱ . Because it is not possible to calculate the bioavailability (F) without intravenous administration of the drug, the clearance and volume of distribution cannot be calculated. Thus, the oral clearance (CL/F) was calculated as D/AUC 0 -ϱ , and the apparent volume of distribution at steady-state (V SS /F) was calculated as MRT ϫ CL/F. Finally, the tissue distribution efficiency was estimated at the ratio of tissue to plasma exposure: AUC (brain)/AUC (plasma).
Statistical comparison of the AUC 0 -ϱ obtained from pharmacokinetic profiles generated by sparse or destructive sampling was done using methods developed by Bailer (2) and Yuan (39) . This scenario arises in tissue distribution studies because each experimental animal can only provide one sample concentration to the overall profile. Comparison of the C max and the concentration at each time point between the control and the study group was done using the Mann-Whitney U test. The analysis were considered significant when P Ͻ 0.05.
In vitro culture of T. gondii and chronic toxoplasmosis murine model. Modified Dulbecco minimal essential culture medium (DMEM) was prepared adding 5 ml of penicillin-streptomycin (Gibco, USA) and 50 ml of heat-deactivated (56°C for 30 min) fetal bovine serum (Gibco) to 500 ml of DMEM (Gibco). T. gondii ME49 was obtained from the American Tissue Culture Collection (ATCC strain 50611). Proliferation of tachyzoites was achieved upon culture of an aliquot of DMEM reconstituted ME46 strain T. gondii in a 25-mm 3 flask of confluent Vero E6 cells incubated at 37°C with 5% CO 2 . After 1 week, the infected Vero E6 cells were washed with phosphate-buffered saline (Calbiochem, USA) and trypsinized, and the tachyzoites were counted and harvested for the in vivo experiments (4).
Chronic toxoplasmosis in mice was established as previously described (5). Fifty randomly selected mice (as described above) were used in the in vivo efficacy experiment. Mice were allocated randomly to either the vehicle control group, the untreated control group or to the three treatment study groups (spiramycin, metronidazole, or coadministration). Mice in the untreated control and study groups were fed 1,000 tachyzoites orally using a 22G feeding needle (Braintree Scientific) to develop the acute-to-chronic toxoplasmosis conversion. Mice in the control group (uninfected) were administered vehicle without of tachyzoites.
In vivo efficacy experiments. In this murine model, the onset of chronic toxoplasmosis has been established at 4 weeks postinfection (5) . The mice that survived the acute infection at 4 weeks were further ran-domized and allocated to one of the following treatment groups: untreated vehicle control, treatment with spiramycin alone, treatment with metronidazole alone, or treatment with both drugs. Mice in the infected untreated group (control) received only vehicle, mice in the spiramycin group received a 400-mg/kg dose of spiramycin alone, mice in the metronidazole-alone group were given 500 mg of metronidazole/kg and, finally, the combination study group was given 400 mg of spiramycin/kg and 500 mg of metronidazole/kg. All groups received one dose daily for 7 days, the metronidazole was administered 30 min prior to the spiramycin, and the treatment was started at the onset of chronic toxoplasmosis determined previously (5). The experiment was repeated in order to validate the results (n ϭ 9 in experiment 1 and n ϭ 8 in experiment 2 for each group).
Upon the completion of treatment, the mice were euthanized 24 h after the last dose by cervical dislocation, the brains were harvested, rinsed with sterile saline solution, and weighed, and 1 ml of sterile saline was added, followed by homogenization (Omni TH-220) for 5 min. Then, 25 l of brain homogenate was spread onto a glass slide (four slides per brain sample), air dried, fixed with absolute ethanol (Sigma-Aldrich, Malaysia) for 15 min, further air dried, stained with 10% of Azur-Eosin Giemsa stain (Merck, Germany) for 1 h, washed with water, and dried at 60°C, and coverslips fixed with xylene mounting solution (Merck). Finally, the cysts were counted under a microscope (Nikon Eclipse 80i), and the numbers of cysts in each brain were calculated (15) .
In vitro reactivation study. A 250-l aliquot of brain homogenate, obtained as described above, was inoculated into a 25-mm 3 flask where Vero E6 cells had been cultured to a confluent monolayer with modified DMEM. After 1 week of culture at 37°C and 5% CO 2 the cells were washed, trypsinized, and centrifuged at 1,000 rpm for 5 min. The pellet was then collected and resuspended in 1 ml of sterile saline, and the numbers of cysts and tachyzoites were determined.
Statistical analysis of efficacy and in vitro studies. The means and standard deviations (SD) were calculated, and the test of homogeneity of variances was performed to determine whether the parametric or nonparametric test should be selected for the analysis. The result showed unequal variances, and thus the Kruskal-Wallis test was chosen to analyze each of the groups versus the control group. Differences were considered significant if P Ͻ 0.05.
RESULTS
Pharmacokinetic profiles of spiramycin and metronidazole.
The plasma spiramycin pharmacokinetic profile in the control and study groups are shown in Fig. 1 , and the pharmacokinetic parameters calculated using noncompartmental techniques are listed in Table 1 . Metronidazole did not affect the plasma pharmacokinetics of spiramycin, and no significant differences were found in the C max , the total systemic exposure AUC 0 -ϱ , V SS /F, or other disposition parameters. However, metronidazole had a significant effect on the biodistribution of spiramycin to the brain ( Fig. 1): there was a 1.7-fold increase in C max (P Ͻ 0.05), and the AUC 0 -ϱ , was 64% greater (P Ͻ 0.001) based on the Mann-Whitney U test and Yuan method, respectively. Other disposition parameters were slightly affected, the MRT and in-tissue disposition t 1/2 were 13 and 26% shorter, and T max remained unchanged (Table 2).
The disposition profile of metronidazole was affected by spiramycin (Fig. 1) . AUC 0 -ϱ and C max were 9% (P Ͻ 0.05) and 22% (P Ͻ 0.001) lower in the study group than in the metronidazole control group, respectively, but T max remained unchanged (Table  2) . A similar pattern was observed for metronidazole brain uptake: exposure was 62% lesser than when it was administered alone (P Ͻ 0.001), and the C max was achieved earlier and was also 47% lower than in the control group (P Ͻ 0.05).
In vivo efficacy evaluation. The in vivo efficacy was assessed twice in order to validate the results. The acute infection survival rate was 90% in the first experiment (experiment 1) and 88% in the repeat experiment (experiment 2), and all mice in the vehicle control (uninfected) survived in both experiments. Chronic toxoplasmosis was well developed at the end of week 4, and brain cysts were established in both sets of experiments without statistical differences between them: 1,071 Ϯ 169 versus 1,198 Ϯ 153 in experiments 1 and 2, respectively (P Ͼ 0.05). These rates of survival and the number of brain cysts are in agreement with previous studies (5) .
Metronidazole (500 mg/kg) did not have any effect on the brain cyst loads, which were 1,025 Ϯ 207 in experiment 1 and 1,028 Ϯ 148 in the repeat experiment (P Ͼ 0.05 between experiments), and this finding was similar to the untreated group of each experiment (P Ͼ 0.05). When the mice were treated with 400 mg of spiramycin/kg, the numbers of brain cysts were reduced by 58% (445 Ϯ 156) and 36% (768 Ϯ 125) in experiments 1 and 2, respectively, and this reduction was significantly different from the untreated control group (P Ͻ 0.05). In addition, there were no differences between experiments 1 and 2 (P Ͼ 0.05). Finally, mice that were administered spiramycin with metronidazole showed a large and significant (P Ͻ 0.05) reduction of brain cysts, a finding that was consistent in both experiments (76 Ϯ 15 and 79 Ϯ 23 for experiments 1 and 2, respectively) (Fig. 2) . In experiment 1, the reduction of brain cysts was 14-fold compared to the untreated control group (1,071 Ϯ 169; P Ͻ 0.05) and 6-fold compared to the spiramycin-treated group (445 Ϯ 156; P Ͻ 0.05). The repeat experiment confirmed these results: the reduction of brain cysts was 15-fold upon comparison to the control group (1,198 Ϯ 153; P Ͻ 0.05) and 10-fold in comparison to the spiramycin-treated group (768 Ϯ 125; P Ͻ 0.05). In addition, no tachyzoites were detected in the brain in any of the control or study group animals in both experiments.
In vitro reactivation. The regeneration of cysts and conversion to tachyzoites were assessed in vitro (Table 3 ). There were no significant differences in the number of cysts in vitro between the untreated control groups (331 Ϯ 87 and 285 Ϯ 65 for experiments 1 and 2, respectively) and the metronidazole-treated groups (329 Ϯ 80 and 288 Ϯ 70 for experiments 1 and 2, respectively). Furthermore, no differences were found between experiments 1 and 2. After the administration of spiramycin to mice, the numbers of cysts in vitro were reduced to 184 Ϯ 69 in experiment 1 and 166 Ϯ 42 in experiment 2 (44 and 42%, respectively) (P Ͻ 0.05). The number of cysts cultured in vitro was lower after coadministration of spiramycin with metronidazole to mice. In experiment 1 the number of cysts was 102 Ϯ 23, and in experiment 2 it was 120 Ϯ 28 (68 and 58% reductions, respectively, compared to the untreated control group).
The effect of the treatments on the in vitro cyst-to-tachyzoite conversion was also assessed. Spiramycin reduced the number of tachyzoites in experiment 1 from 695,333 Ϯ 102,292 to 106,889 Ϯ 12,657 (P Ͻ 0.05) and in experiment 2 from 719,125 Ϯ 120,974 to 140,000 Ϯ 18,768 (P Ͻ 0.05). After the coadministration with metronidazole, the results were similar to those of the spiramycinonly group. Metronidazole alone did not have significant effect (Table 3) . 
DISCUSSION
The plasma pharmacokinetics and brain uptake of spiramycin has been evaluated upon oral coadministration with metronidazole to mice. Both drugs were simultaneously quantified using a validated HPLC assay, and the disposition profiles analyzed using modelindependent pharmacokinetic techniques. The activity of spiramycin against T. gondii brain cysts was then studied in a mouse model of chronic toxoplasmosis, and the reactivation ability of the brain cysts was assessed in vitro. Spiramycin coadministration with metronidazole caused a pharmacokinetic drug-drug interaction that was not manifested in plasma but led to 67% higher spiramycin uptake in the brain. The higher uptake reached efficacious concentrations in the brain to achieve almost the full eradication of T. gondii brain cysts: spiramycin-only treatment reduced the number of brain cysts 3-fold (58%) and 14-fold upon coadministration of spiramycin with metronidazole. The effect was not due to metronidazole, which showed no difference from the untreated control group, and did not contribute to spiramycin effect in vitro. The in vivo efficacy and the in vitro reactivation studies were repeated, the results were confirmed, and the study hypothesis was verified: spiramycin treatment efficacy against chronic cerebral toxoplasmosis may be improved upon a drug-drug interaction at the BBB level.
Differential effects of metronidazole at GIT and BBB levels. Metronidazole administration did not affect the rate and extent of spiramycin absorption: the plasma C max , T max , and AUC 0 -ϱ values remained unchanged, suggesting that metronidazole did not influence intestinal wall efflux mechanisms and did not affect spiramycin absorption. In our study, metronidazole failed to affect spiramycin absorption, which is consistent with previous drugdrug interaction studies that showed that metronidazole did not affect the absorption of the P-glycoprotein substrates imatinib (34) and fexofenadine (19) . In fact, the role of metronidazole in the inhibition of P-glycoprotein-mediated transport remains inconclusive (28) .
The interaction of metronidazole with other drugs has been reported to affect tissue distribution rather than the overall bioavailability. Tan et al. reported that when imatinib was administered with metronidazole to mice, the plasma AUC 0 -ϱ was not affected but brain, liver, and kidney exposures were significantly increased (34) . Metronidazole coadministration with spiramycin significantly increased spiramycin brain uptake: the brain AUC 0 -ϱ was 67% greater, and the C max increased 72%. This shows that metronidazole affected the permeability of the BBB to allow spiramycin penetration but probably acting on a different transporter than at the intestinal wall membrane. Mechanistic studies in mice have shown that spiramycin bile excretion is mediated by Mrp2 and P-glycoprotein efflux transporters, although P-glycoprotein would play a secondary role (35) . Metronidazole may inhibit Mrp2 and P-glycoprotein present at the BBB (14, 34) and prevent the efflux of spiramycin, an Mrp2 substrate (35) , leading to spiramycin-enhanced brain uptake and higher accumulation to reach efficacious concentrations. The efficiency of this interaction can further be quantified by using the tissue/plasma AUC 0 -ϱ ratio. The tissue/plasma ratio increased 58% (Table 1) in the coadministration group, which strongly suggests that the higher spiramycin brain exposure is due to metronidazole effects on efflux/transport mechanisms at the BBB rather than changes in plasma exposure.
Finally, it may be worth noting that contrary to other studies in rat (31) or monkey (29) that lack spiramycin brain penetration, we found brain uptake in mice, probably due to species variability, including affinity and localization of the transporters (Fig. 1) . Spiramycin effect on metronidazole. The pharmacokinetic parameters of metronidazole suggest a slight effect of spiramycin on the plasma disposition profile of metronidazole. The t 1/2 , MRT, CL/F, and V SS /F values remain unchanged, C max was 77% of that found for the control group but was not significant (probably due to variability) ( Table 2) , and the AUC 0 -ϱ was 9% lower than that of the control (P Ͻ 0.05). It is likely that spiramycin has little effect on metronidazole plasma pharmacokinetics. However, metronidazole brain uptake was affected, leading to a 50% lower C max and a 62% reduction in the AUC 0 -ϱ (P Ͻ 0.05). This reduction of brain uptake cannot be explained by the slight reduction of plasma exposure, but the loss of uptake efficiency: brain/plasma AUC 0 -ϱ ratio was 42% after coadministration with spiramycin ( Table 2) . This suggests that spiramycin may block the brain uptake transport system that is used by metronidazole. Active transport uptake mechanisms at the BBB have been identified for other drugs (16) , but a full conclusion for this drug-drug interaction is beyond the scope of the present study.
Elimination of T. gondii cysts in mouse brain. The method of inducing chronic toxoplasmosis in mice by oral feeding of T. gondii tachyzoites has been validated. In this model, conversion of tachyzoites to cysts (bradyzoites) in brain tissue begins 2 weeks after acute oral infection and reaches a plateau at 4 weeks, marking the onset of chronic toxoplasmosis (5) . Therefore, in the present study, the treatment of chronic toxoplasmosis was started 4 weeks after acute infection.
The drug combination spiramycin-metronidazole showed an extraordinary efficacy against chronic cerebral toxoplasmosis: there was a 10-fold reduction in brain cysts compared to the spiramycin-treated group, and there was a 15-fold reduction compared to the untreated control group (Fig. 2) . Metronidazole, which lacks efficacious activity against toxoplasmosis (21) , causes a pharmacokinetic interaction to enhance the spiramycin concentration in the brain that is able to eradicate tachyzoites and greatly decrease the cysts in the brain. Clearly, this effect was not associated with the antimicrobial activity of metronidazole, which did not reduce the number of brain cysts (Fig. 2) and have any effect on their in vitro reactivation (Table 3) .
However, it should be noted that after the coadministration of spiramycin with metronidazole, the number of in vitro cultured brain cysts after 1 week of incubation was greater than the number of brain cysts obtained from the euthanized mice in the combination treatment group: 102 Ϯ 23 in vitro versus 76 Ϯ 15 in the brain for experiment 1 and 120 Ϯ 28 in vitro versus 79 Ϯ 23 in the brain for experiment 2. This may be due to the early encystment of the reactivated tachyzoites in vitro. The rapid conversion of bradyzoites to tachyzoites and back to bradyzoites in vitro gives a clue regarding the virulence, resistance, and chronicity of T. gondii, especially in immunocompromised hosts, and stresses the importance of an effective treatment regime to eliminate the Toxoplasma brain cysts completely.
In the in vitro reactivation experiments, metronidazole lacked activity and did not significantly reduce the number of cysts or tachyzoites. Spiramycin led to a large reduction of the cyst-totachyzoite conversion, but this reduction was similar when the mice were treated with spiramycin alone or after coadministration with metronidazole. Thus, spiramycin in vitro activity was not enhanced when metronidazole was coadministered (Table 3) . This provides an additional insight to explain the mechanism for which metronidazole would enhance spiramycin activity in vivo but not in vitro. The efficacy of the coadministration would emerge from the ability of metronidazole to enhance the brain's uptake of spiramycin rather than a direct effect on the tachyzoites or the conversion of tachyzoites to bradyzoites, as shown by the lack of activity in the in vitro experiments.
Clinical translatability. The synergistic drug combination based on a pharmacokinetic interaction has potential clinical implications for the treatment and prevention of chronic toxoplasmosis. Although the current experiment is developed in a chronic cerebral toxoplasmosis model, the results provide a potential pathway for the treatment of chronic toxoplasmosis, avoiding the risk of reactivation in vivo encephalitis, which could be fatal.
The novel concept of using metronidazole to enhance spiramycin brain uptake was validated in pharmacokinetic terms and translated to significant efficacy against cerebral toxoplasmosis. Further work to optimize the dose ratios between spiramycin and metronidazole and inquiries regarding other efflux inhibitors are needed to realize the full potential of this interaction and its translatability into a novel therapeutic approach.
Conclusions. Spiramycin, when coadministered with metronidazole, was shown to be effective in the treatment of chronic toxoplasmosis in a mouse model. The combined administration of spiramycin and metronidazole led to increased brain uptake of spiramycin and achieved almost complete elimination of brain cysts. The in vitro cyst-to-tachyzoite-to-cyst conversion occurred within 1 week of incubation, and there was a great inhibition of reactivation of tachyzoites and encystment of tachyzoites in vitro.
